The ability of the cercariae of Schistosoma mansoni to penetrate the tails of mice was shown to remain constant throughout their lives. However, their capacity to establish themselves and then reach maturity decreased as they aged. The abdominal route of penetration produced consistently higher maturation rates than the tail route. Significantly different maturation rates were obtained by modifying the standard tail infection technique. Evidence is presented that age-related mortality of schistosomula occurs within 24 h of penetration and may be associated with the exhaustion of energy reserves during the penetration of the stratum corneum. The relationship of this age-related mortality to 'mass mortality' is discussed.
INTRODUCTION
The active free-living cercaria of schistosomes does not feed and, when released from the host snail, contains endogenous energy reserves that must last until contact is made with the next host. The rate at which these reserves are utilized appears to determine the life-span of the organism (Lawson & Wilson, 1980a) . Associated with ageing and this depletion of glycogen is a reduction both in the activity of the cercaria and in its ability to respond to a shadow stimulus (Lawson, 1977) . The combination of these age-related changes might be expected to reduce its capacity to locate and penetrate a potential host. The failure to separate mortality in the cercarial population from other consequences of the ageing process has made the interpretation of previous work difficult. In the present study an attempt has been made to define the effect of age on the ability of cercariae of Schistosoma mansoni to penetrate host skin and then mature.
MATERIALS AND METHODS

Biological material
A Puerto Rican strain of <S. mansoni was maintained in albino Biomphalaria glabrata and LAC A strain white mice. Cercariae were shed, cleaned and aged and the numbers of live and dead organisms were determined as described previously (Lawson & Wilson, 1980a) .
Infection of mice
Two methods were used to infect mice. The first method employed tail immersion. The washed tails of anaesthetized mice were immersed in small test tubes containing aliquots of cercarial suspension. In the second method, aliquots of cercarial suspension containing known numbers of organisms were applied to the shaved abdomens of mice anaesthetized with Nembutal (Abbot Laboratories) (Smithers & Terry, 1965 ). An exposure time of 30 min was used for both methods.
Recovery of schistosomula
Schistosomula were recovered from the skin on days 0 and 1 post-infection and from the lungs from days 5-8 post-infection using the methods described by Miller & Wilson (1978) . The liver and mesenteric veins were perfused for the recovery of adult worms by the method reported by Smithers & Terry (1965) . The mesenteric and hepatic portal veins and the liver were all examined under a dissecting microscope for any remaining worms. All perfusions were carried out at least 30 days post-infection.
Penetration and maturation Infections via the tail
Aliquots of cercariae from emergence to about 26 h were used to infect mice in groups (5 mice/group) via the tail. This involved immersion of the tails for 30 min in tubes containing the cercariae. Washings from the tails were combined with the contents of the tubes and the numbers of live and dead eercariae which failed to penetrate were determined by the method described by Lawson & Wilson (1980a) . In some studies, to compensate for mortality in the ageing cercarial population, the concentration of live cercariae was adjusted to give a constant density (450/ml) throughout the experiment.
To determine whether or not experimental technique modified the results, a second tail infection method was studied. The two procedures were identical except that in the normal method (described above) the infection tubes were laid horizontally on the infection tray and the liquid was retained by surface tension. In the second method, the tubes were supported vertically in racks and the mouse tails were arranged so that they extended no more than 3 cm into the water.
Abdominal infections
The ring technique of Smithers & Terry (1965) was used to infect mice in groups (5 mice/group). In other respects the experimental design was similar to that used above. However, it was found to be difficult to estimate accurately the numbers of non-penetrants, partly, at least, due to leakage of infection fluid.
adjusted to 500 live cercariae/ml. Five mice from each cercarial age group were sacrificed on days 1, 5, 6, 7, 8, and 35 post-infection. On day 1 post-infection the skin was excised, incubated and examined as described previously. The lungs of the mice in the groups sacrificed on days 5, 6, 7, and 8 were processed and examined in the same way. The liver and hepatic portal vessel of mice sacrificed on day 35 were perfused and examined as previously described.
Recovery of live and dead schistosomula from the skin Fifty mice in groups of 10 were infected via the abdominal route with suspensions containing 300 live cercariae/ml at 5 ages between 1 h and 16 h. The method used to recover schistosomula from the skin was similar to that described by Ghandour & Webb (1973) except that Eagle's medium replaced Hanks' saline as the incubation medium. The remaining 5 mice in each group were examined at 35 days post-infection.
Olycogen loss during penetration of the skin Cercariae were transformed in vitro to schistosomula by the method described by Clegg & Smithers (1972) . Half the schistosomula were processed 25 h and the remainder 5 h after application of the cercariae to the mouse skin mambrane. The schistosomula were washed rapidly 4 times in ice-cold glucose-free Hanks' saline containing 5 % Nembutal to prevent adherence of the organisms to the sides of the centrifuge tubes. Samples of the stirred suspensions were killed by heating for 5 min in a boiling water bath. Whole cercariae, cercarial bodies and appropriate blanks were also prepared and the glycogen content was measured by an adaptation of the method of Keppler & Decker (1971) by Lawson & Wilson (1980 a) .
RESULTS
Penetration and maturation Infections via the tail
The change in the percentage of cercariae that penetrated the skin of the tail during ageing of cercariae is illustrated in Fig. 1 . These results showed that the ability of live cercariae to penetrate remained constant as they aged and the slope of the regression line fitted to this data did not differ significantly from the horizontal, P > 0 -05. The effect of age on the capacity of cercariae to reach maturity in the mouse host after infection via the tail is expressed as an arcsine transformation and is illustrated in Fig. 2 . The percentage of cercariae that reached maturity in the liver and hepatic portal vessels of the host showed a rapid decline as their age increased.
The results of the experiment in which two slightly different infection methods of the mouse tails were used, are illustrated in Fig. 3 . Comparison of the regression lines fitted to the arcsine transformations of the data showed that there was no significant difference between the slopes of the two lines (P > 0 -05). However, those in vertical tubes gave a consistently higher infection rate at all cercarial ages than infection using horizontal tubes. 
Abdominal infections
The results from two experiments using the abdominal infection site are illustrated in Fig. 4 . In Exp. 1 a standard population of cercariae was used, but in Exp. 2 the concentration of live cercariae in the population was adjusted to 150/ml before each exposure. Two patterns were evident. In the first pattern, the ability of live cercariae to mature in the host declined steadily with ageing of the cercariae. In the second, an initial ageing period of several hours elapsed before The relationship between the age of the eercariae used to infect and the proportion that can be recovered as schistosomula from the skin and lungs and as adult worms from the mesenteric veins of the host. any significant decline in the level of maturation in the hepatic portal system became evident.
Recovery of live schistosomula from skin, lungs and liver
The percentages of live eercariae of different ages recovered as schistosomula from the skin, lungs and liver of mice after abdominal infection are illustrated in Fig. 5 . The mean recovery of live schistosomula from the skin on day 1 post-infection was low (4-07 + 0-48%) with 2-h-old eercariae and declined as their age increased.
The mean numbers recovered from the lungs and liver were higher (7-24 %) than those recovered from the skin. Nevertheless, the relationship, as determined by the slope of the curves, between the age of the eercariae used to infect, and the percentage of schistosomula recovered at each time post-infection, was similar. It was also observed that the peak number of schistosomula in the lungs occurred on day 7 post-infection irrespective of the age of eercariae used.
Recovery of live and dead schistosomula from the skin
The results of one experiment are summarized in Table 1 . The total number of schistosomula recovered from the skin decreased as the age of the infecting eercariae increased. This resulted from a decline in the number of live schistosomula recovered. There was no association between the number of dead schistosomula recovered and the age of the eercariae. When cercariae aged 15 h were used to infect mice, only 288 % of those applied to the skin were recovered subsequently (4-9% recovered dead in the skin and 239% recovered as adult worms). Glycogen loss during penetration of the skin The mean glycogen contents of individual cercariae, cercarial bodies and schistosomula are summarized in Table 2 . It was found that 23-7 % of the glycogen in the bodies of the cercariae was lost during penetration of the excised skin membrane. After a further 2 5 h incubation in the Earle's lactalbumin hydrolysate medium, 11 2 % was lost.
DISCUSSION
The method used to estimate the proportion of cercariae that have penetrated mouse tail skin did not distinguish between those that had penetrated through the skin surface and those that were merely strongly attached to the surface.
In the present investigations on penetration, between 78 % and 86 % of live cercariae were found to penetrate mouse tail skin. These figures compare favourably with those reported by other workers (Stirewalt & Hackey, 1956; Waard & Vermeulen, 1961; Olivier, 1966; Warren & Peters, 1967 a, b; Christensen, Frandsen & Nansen, 1979) .
It was found that the ability of live cercariae to penetrate mouse tail skin did not change as they aged. This observation was somewhat unexpected and has not previously been reported. The ageing of cercariae has been shown to be accompanied by a significant reduction in activity characterized by slower swimming speeds and longer periods of inactivity. Shortly before death, cercariae lose their ability to swim actively, although a shadow stimulus may induce a short burst of activity (Lawson, 1977) . The present result suggests that the complex array of stimuli generated by the presence of a host (mouse tail) enabled these aged cercariae to locate, attach to and penetrate the skin.
Glycogen in the cercarial tail (used in swimming) declines more rapidly than glycogen in the cercarial body (used in crawling) (Lawson & Wilson, 1980a) . It seems likely that the loss of the ability to swim precedes the loss of the ability to penetrate host skin.
Although cercarial age appears to have no influence on the capacity to penetrate host skin, it would seem to affect the ability of cercariae to reach maturity in the host. When the tail route of infection was used the percentage of cercariae that reached maturity declined rapidly as the cercariae aged.
The comparison of the two variations of the tail infection technique demonstrated the sensitivity of the maturation rate to slight differences of experimental method.
The reason for the higher infection rate of the vertical compared to the horizontal tubes is obscure. It might be expected that the gradual accumulation of the ageing cercariae at the bottom of the tubes would result in lower rates of infection in the vertical tubes. Further studies may be required to determine whether such factors as the thickness of the stratum corneum, variations in the blood supply to different parts of the tail or the presence in the tail of areas of higher cercarial concentration at the water surface in the vertical tubes influence cercarial penetration (Lawson, unpublished observations) .
With regard to abdominal infection, technical problems precluded accurate measurement of the relationship between penetration rate and the age of the cercariae. Between 18% and 28% of newly emerged cercariae developed to maturity in the host, but this percentage declined with increasing age of the cercariae. In some cases, however, this decline did not commence until the cercariae had aged for some 5-8 h.
Although no strict comparison of maturation rates using the two different infection sites was made, abdominal infections gave a consistently higher infection rate than tail infection. Nevertheless, the maturation of young cercariae (15-2 h) from both abdominal and tail sites was lower than reported elsewhere (cf. Stirewalt & Fregeau, 1965 Smithers & Terry, 1965; Warren & Peters, 1967a, 6; Ghandour & Webbe, 1973) . However, in contrast to the present report, these workers showed that ageing was accompanied by a decreasing ability of the cercariae to penetrate the skin of the host. This may have contributed to the observed relationship between ageing and maturation in these studies.
With respect to the recovery of live schistosomula and adult worms from the skin, lungs and liver appropriately, it was found that a decrease in recovery associated with the increasing age of the cercariae used to infect, was apparent from day 1 post-infection. It would therefore seem that attrition, related to age of the infecting cercariae, occurs within the first 24 h after penetration. Indeed, the same inverse relationship between the proportion of schistosomula recovered from the skin immediately after penetration and the age of cercariae, confirms Ghandour & Webbe's (1973) supposition that this attrition occurs very soon after penetration. These workers observed an increase in the proportion of dead schistosomula recovered from the skin after infection with cercariae of increasing age. A similar relationship between the proportion of dead schistosomula recovered and cercarial age was shown in the present study, but this was shown to be a consequence of a decrease in the number of cercariae that were recovered live, rather than any change in the number that were dead. The numbers of schistosomula that crawl out of a skin preparation should be associated with the numbers present. However, the same is unlikely to be true for dead organisms that fall out. Miller & Wilson (1978) have also shown that unsupplemented salt solutions, for example Hank's balanced salt solution, are rapidly lethal to schistosomula. The dead organisms observed by Clegg & Smithers (1968) , Ghandour & Webbe (1973) and Ghandour & Ibrahim (1978) may, therefore, have been killed by the incubation procedure.
Of the several theories accounting for the mortality of schistosomula in the skin of the host, those of Clegg & Smithers (1968) and Rai & Clegg (1968) , attributing it to the exhaustion of energy reserves, have received the greatest attention.
Penetration of the skin is an active and hence energy consuming process. The specific enzymic method used to estimate glycogen in the present study demonstrated the utilization of almost 24 % of the glycogen reserve of the cercarial body in crossing an excised mouse skin membrane. This figure corresponds well with those of Para, Lewert & Ozcel (1970) , (32-35 %); Clegg & Smithers (1968) , (30%), and Coles (1973) , (222%), although the less specific methods used in the two latter studies may have included loss of gland secretions.
The stratum corneum is composed of flattened, dead, keratinized cells (Kligman, 1964) and it would seem that schistosomula would be dependent for energy on their stored cercarial reserves of glycogen while crossing it. However, the cells of the lower epidermis are living and since schistosomula can take up exogenous amino acids (Howells, Gerken, Ramalho-Pinto, Kawazoe, Gazzinelli & Pellegrino, 1975) and glucose (Para et al. 1970) and are known to disrupt these cells by the combined action of the tegumental spines and enzymes (Rifkin, 1971) , there is reason to suggest that schistosomula become independent of stored reserves once they have crossed the stratum corneum. To a d d weight to this suggestion, Lawson & Wilson (19806) have calculated that the rate of oxidative metabolism of the schistosomulum is such that it would exhaust all its glycogen reserves within 24 h. I t would therefore seem that the utilization of the glycogen reserves that accompanies ageing in the cercariae (Lawson & Wilson, 1980a) may account for the age-related mortality of schistosomula after penetration of the skin of the host. Possession of inadequate energy reserves to cross the thicker stratum corneum of tail skin may also be a factor accounting for both the lower infection rates and more rapid loss of infectivity associated with increasing cercarial age when the tail is used as the site of infection.
In this study, as in all similar previous studies, only a small proportion (20-30 %) of even the youngest cercariae developed to maturity in the hepatic portal system of the host. Thus, considerable mortality, unrelated to cercarial age, occurred at some stage in the infection process. Rai & Clegg (1968) and Clegg & Smithers (1968) suggested that it takes place in the skin almost immediately after penetration and is a consequence of inadequate energy supplies in the invading cercariae. However, the present study casts doubt on this supposition. Here it was shown that in some cases, particularly when abdominal infection was used, age-related mortality did not become apparent until the cercariae reached 5-8 h old. Thus, the glycogen depletion that accompanies cercarial ageing (Lawson & Wilson, 1980a) can continue for several hours before the ability to infect becomes impaired. This suggests that the mass mortality t h a t occurs in infections using even the youngest cercariae is not only a completely separate phenomenon from the age-related mortality described in the present study, but is also unrelated to the level of the glycogen reserve in the invading cercariae.
It would seem that the results presented here, coupled with the observation that 91 % of the original penetrants of hamster cheek pouch are alive after 65 h, although only 26% reach maturity (Wilson & Lawson, 1980) , indicate that the concept of 'mass mortality' in the skin as conceived by Clegg & Smithers (1968) should be re-examined.
